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Abstract 
The scientific literature presents an immense, seemingly impenetrable mass of material to the uninitiated, 
buried in an elaborate sub-language all of its own. Even to clinical people, it can prove to be a very difficult 
task to keep up with ongoing minutia. The overwhelming and ever accelerating nature of scientific 
advance has led to the high utility of review articles and to models. Reviews permit workers to digest 
condensed treatments of broad collections of research in a period of time and with a level of effort far 
less than attending to original research descriptions. Models in turn serve to assimilate often huge 
amounts of material, providing organization in a fashion that can be more easily understood and 
employed. The present literature research study reviews selected contemporary research that 
accomplishes or portends to stimulate new thinking and modeling about color vision. Work from many 
different areas has been chosen to highlight the fact that several new paradigms are emerging to 
challenge conventional wisdom. Two lines of study are discussed that address the visual system at the 
level of light transduction into nervous activity, accompanied by two other distinct lines of work treating 
multiple levels of the visual pathways. Although the four subject research groups are all concerned with 
distinct issues, in some cases overlap is apparent. The goal has been to create a broad survey, not 
meticulous refinement. Rigorous description and analysis of the tremendous known detail at the cellular 
and systems levels is far beyond the scope of the present discussion. What has been done is to present a 
brief discussion of the historical information about the visual system, especially concerning color 
processing, to provide a backdrop for discussions of specific examples of advancements in color vision. 
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ABSTRACT 
The scientific literature presents an immense, seemingly impenetrable mass of material to 
the uninitiated, buried in an elaborate sub-language all of its own. Even to clinical people, it can 
prove to be a very difficult task to keep up with ongoing minutia. 
The overwhelming and ever accelerating nature of scientific advance has led to the high 
utility of review articles and to models. Reviews permit workers to digest condensed treatments 
of broad collections of research in a period of time and with a level of effort far less than 
attending to original research descriptions. Models in turn serve to assimilate often huge 
amounts of material, providing organization in a fashion that can be more easily understood and 
employed. 
The present literature research study reviews selected contemporary research that 
accomplishes or portends to stimulate new thinking and modeling about color vision . Work from 
many different areas has been chosen to highlight the fact that several new paradigms are 
emerging to challenge conventional wisdom. Two lines of study are discussed that address the 
visual system at the level of light transduction into nervous activity, accompanied by two other 
distinct lines of work treating multiple levels of the visual pathways. Although the four subject 
research groups are all concerned with distinct issues, in some cases overlap is apparent. 
The goal has been to create a broad survey, not meticulous refinement. Rigorous description 
and analysis of the tremendous known detail at the cellular and systems levels is far beyond the 
scope of the present discussion. What has been done is to present a brief discussion of the 
historical information about the visual system, especially concerning color processing, to provide 
a backdrop for discussions of specific examples of advancements in color vision. 
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INTRODUCTION 
The present report addresses a literature research study directed to selected 
recent advances in color vision. The goal was to focus on several topics from the 
literature that portend changes in our thinking about and models of the human 
color visual system. 
Of course, the first stage of vision is image formation. However, we are not 
concerned here with the physical properties of the eye as an image-forming 
optical instrument. Rather, we address visual processing from the subsequent 
stage, that of reception, and on through the visual system. 
The focus of the present treatment will center on both the physiological 
processes at the molecular and cellular levels, and also the ultimate 
psychophysical experiences emanating from total system action. 
The general approach of the discussion will be to review the broad picture of 
vision, and color vision in particular, to set the stage for specific discussion 
relative to recent advances in the field . 
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TRADITIONAL NEUROPHYSIOLOGY 
Receptors. Reception is the first, non-optical stage of visual system 
processing. Actually, the eye is not one but two sensory end-organs. Each is 
specialized for quite different functions, although both organs are closely 
interlaced anatomically. One system of receptors, the rods, is specialized for 
twilight and night vision. Here low threshold is at a premium, but at the price of 
recording the object color or fine details and sharp boundaries. The second 
system of receptors, the cones, is specialized to function in daylight when the 
surroundings are brightly illuminated. Objects are seen clearly with much detail 
and exhibit grades of color. The performance hallmark is visual acuity. 
In the present report, we are concerned primarily with the cone receptors and 
their most prominent central elaboration, the retinal-lateral geniculate-visual 
cortical pathway. 
Retina. The retina exhibits a well-known layered appearance characterized 
most prominently by: a) the outer nuclear layer (ONL) containing the cell bodies of 
the photoreceptors; b) the inner nuclear layer (INL) featuring the cell bodies of 
horizontal neurons, amacrine neurons, and those of the glial cells of Muller; and c) 
the ganglion cell layer containing the cell bodies of the ganglion cells and those of 
some astroglial cells. 
Between the ONL and the INL is the outer synaptic (or plexiform) layer (OSL), 
where synaptic interactions of photoreceptors, horizontal cells, and bipolar 
neurons occur. Between the INLand the ganglion cell layer is the inner synaptic 
(or plexiform) layer (ISL), the location of synaptic interactions involving bipolar 
neurons, amacrine cells, and ganglion cells . Ganglion cells form the only units that 
project centrally from the retina; all other cells are involved strictly in retinal 
processing. 
Recently, interplexiform neurons have been identified in the retinas of many 
species, including humans. lnterplexiform neurons have cell bodies in the INLand 
processes in both synaptic layers. 
Physiologically, there are two important points about retinal processing. First, 
in the spatial domain, all evidence suggests that discernment of borders and 
contrast are the business of the retina , not the recording or mapping of retina-
wide absolute levels of light. Second, in the temporal domain, the retina is more 
concerned with creating a representation of the dynamics of changing intensities, 
not the detection of steady displays. 
Lateral Geniculate Nucleus (LGN). The central projection from the retina 
proceeds through the optic nerve, optic chiasm and optic tract to arrive, among 
other far less prominent destinations, at the LGN. 
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Each major sensory system exhibits an important array of synaptic 
connections in the thalamus. The thalamic center for the visual system is the 
lateral geniculate nucleus (LGN). Although often called a 'relay,' very complex 
synaptic interactions occur between incoming optic tract fibers and LGN cells, and 
many incompletely understood physiologic transformations result. 
Histologically, the most striking feature of the LGN is its laminated structure. 
In the posterior LGN of the human, six distinct layers of cell bodies can be 
discerned, separated from each other by narrow, almost cell-free zones. The four 
dorsal laminae contain relatively small cells and are termed parvocellular layers . 
The two ventral laminae contain larger cells and are therefore called the 
magnocellular layers. Each LGN layer features a precise retinotopic map of the 
contralateral (nasal hemifield) and ipsilateral (temporal hemifield) retina. 
The basic elements of the LGN are the axons of centrally projecting retinal 
ganglion cells, the geniculate cells that project to the cortex, cells with 
intergeniculate destinations, and afferents returning from the visual cortex. 
lntergeniculate neurons, collaterals of incoming ganglion cell terminations, and 
terminations from visual cortical projections form the basis for incompletely 
understood filtering mechanisms that operate generally in sensory systems to 
exert control over activity patterns projecting to the cortex. 
Visual Cortex. There is a wealth of information beyond the present scope of 
discussion regarding details of retinal and LGN processing. An overriding feature 
is meticulous anatomic segregation. Although the functional consequences of this 
careful retinotopic preservation are not yet understood, there is evidence that the 
organization is maintained in subsequent cortical processing. 
Cell bodies of the cerebral cortex are arranged in layers, separated by 
relatively cell-free zones, in a fashion analogous to the LGN. On the basis of 
differences in layer appearances, the cortex has been divided into regions (like 
states on a map) termed cytoarchitectonic areas. The most distinctive visual 
cortical region, lying in the occipital lobe and called area 17, receives the fibers 
from the LGN. 
Several features of cortical relationships are important. For one, axons from 
the parvocellular and magnocellular laminae of the LGN terminate in distinctly 
different patterns and laminae. Furthermore, area 17 cell types and layers exhibit 
quite ordered projections to other cortical or subcortical loci. Finally, as in many 
parts of the nervous system, connections between area 17 and other cortical and 
subcortical regions often are reciprocal. 
The types of cells and cell responses are very complex, and far beyond the 
scope of present discussion. Nevertheless, it is pertinent that many early 
projection target cells exhibit response characteristics similar to LGN cells. 
However, as one advances to other cortical regions such as areas 18, 19 and 
other nearby visually involved centers, response patterns loose the geniculate-
type signature, becoming more complex and abstract. Much work remains on the 
road to elucidating a solid interpretation of cortical activity relative to stimulus 
parameters and psychophysical experience. 
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COLOR VISION 
Perspective. Color sensation is subjective. We are taught names for various 
color sensations and then use such names when the same sensation is 
encountered again. Color depends on a number of parameters, including the 
wavelength or group of wavelengths coming from the object, the wavelength 
coming from other objects in the viewing field, and the wavelengths that the 
observer was receiving before focusing on the current object. Historically, not 
much emphasis was given to slight differences in the reporting of color between 
individuals. 
Wavelength versus Sensation. It is critical to realize that there is no one-to-
one correspondence between color (subjective sensation) and light wavelength 
(physical property of the incident light). Nevertheless, wavelengths of light are 
often described in terms of the colors they have when seen in isolation or in the 
spectrum. The linear array of wavelengths produced from a collimated beam of 
pure white light by a prism is termed the spectrum. The color sensations these 
wavelengths produce in the visual system are the spectral colors. 
Very approximately, the spectral colors are as follows: wavelengths of about 
430 nm typically produce the sensation of violet; 460 nm, blue; 520 nm, green; 
575 nm, yellow; 600 nm, orange; and 650 nm, red. Intermediate wavelengths 
produce sensations that are often described as if they are mixtures -- blue-green 
or yellow-green -- even though the stimulus light is monochromatic. 
The normal human is able to discriminate between two spectral lights that 
differ by as little as 1 nm in the neighborhood of 490 nm (blue-green) and 585 
(yellow). In other regions, it is necessary to have a greater difference in 
wavelength , but only in the vio let and red is a difference greater than 4 nm 
necessary. 
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The Trichromatic Model. It has been virtually dogma during most of the 
current century that human color vision is trichromatic. The explanation has been 
that there exist three classes of cones in the human retina with differing but 
overlapping spectral sensitivities. One class was described having a spectral 
sensitivity that peaks at 440-450 nm (blue receptors), one class peaks at 535-555 
nm (green receptors), and one class peaks at 570-590 nm (red or yellow 
receptors). The overlap occurs because the sensitivity of all visual pigments falls 
off sharply on the long wavelength side of the peak, but much less sharply on the 
short wavelength side of the peak, due to the presence of a secondary band of 
absorption (the beta band or cis-peak) at wavelength of about two-thirds of the 
primary band. The sensitivity on the short wavelength side of the peak never falls 
below 10 percent of the peak in the visible region. Therefore, it is possible to 
stimulate only one class of cones (the 570-590 nm cones) with long wavelengths, 
but short wavelengths always will stimulate all three classes of cones. 
In summary, the historical picture was considered compelling. Three types of 
cone pigment were described in the human. The three types of cone pigment 
were believed segregated into three separate cone subtypes. Therefore, one 
could speak reliably about three types of cone receptor. Little variation between 
individuals was acknowledged or believed important. 
Cones alone populate the fovea, but both rods and cones inhabit the annular 
extra-retinal area. Even though there are four classes of receptor away from the 
fovea (three types of cones, plus the rods), vision is still trichromatic. This is 
usually explained by suggesting that the rods converge onto the same cells as the 
cones, and so there are only three channels for color at higher levels of the visual 
pathways. 
Parameters of Color. A color is said to have hue, saturation, and 
brightness. Hue is the extent to which the color is red, green, blue, or other 
labelled color. Saturation is the extent that a color is strong or weak. Spectral 
wavelengths become desaturated when white light or complementary colors are 
added. Brightness is related to the numbers of quanta absorbed which is equal to 
the number of quanta incident which are strained through the luminosity function 
of the system in use. Brightness can be compared to luminance. 
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SELECTED NEW FINDINGS 
The above material provides important background. Now we turn to the main 
topic of the present Literature research Study, selected recent advances in color 
vision. 
The discussion revolves around several independent topics. The common 
thread, however is expanded or new understandings that challenge the 
conventional models of receptor and post-receptor (system) color visual 
processing. 
The first section below addresses powerful accumulating information and 
concepts that portend major changes in our thinking about color reception. In the 
subsequent section, attention is turned to the post-receptor pathways, and again 
to information and concepts that take on the traditional view. Finally, the present 
study concludes with a closing section that provides a summary and discusses 
implications. 
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RECEPTOR LEVEL 
The visual receptors, like physiological transducers for other senses, convert 
some type of energy-laden influence from the external world into nerve activity. 
In the present Section, we discuss two lines of concepts and associated 
evidence that extend current knowledge. 
New Template to Construct Visual Pigment Spectra. Visual pigments are 
primarily characterized by absorbance versus wavelength curves (absorbance 
spectra). The form of such curves is often critical to interpretation of experimental 
results. In turn, much attention has been given to accurately describing the 
spectral curves for various visual pigments. 
Many studies produce data of peak absorbance under various conditions, but 
do not directly produce rigorous spectral data. Nevertheless, optimal interpretive 
breadth may depend on further knowledge (or assumptions) of precise spectral 
detail. In such cases, it has been customary to apply one or more 'templates' 
which provide a derived mathematical relation between peak absorbance and 
underlying absorbance spectra. 
Mchanistically, the primary absorbance band of visual pigments is termed the 
alpha-band. Next, a low, broad beta-band appears at about 70 percent of the 
alpha-band wavelength, induced by the cis-band of the chromophore. 
Subsequently, a narrow gamma-band appears at about 56 percent of the alpha-
band wavelength due to certain amino acids of the protein part, a gamma-band 
appears at about 46 percent of the alpha-band wavelength resulting from a 
number of organic bonds, and other even less prominent bands are known as 
well. 
Past models of the shape of visual pigment spectra have been predominantly 
limited to the alpha-band. Some have also imposed added corrective maneuvers 
to account for deviations experienced at short wavelengths, because beta-band 
influences begin to exert noticeable impact. Most successful has been the 
combination of algebraically added curves for individual bands of a subject 
pigment, additionally corrected in the short wavelength region to accommodate 
extraneous deviations. 
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In the study reviewed here, Stavenga, Smits and Hoenders 1993 (1 ), the 
latter approach has been further improved to address nagging residual deviations 
of actual spectra relative to theory, in a fashion generally applicable to virtually all 
relevant pigments of commonly studied species. The authors assume the validity 
of the recently developed Mansfield-MacNichol (MM) transform for pigment alpha-
bands, and further assume that, relative to the alpha-band, the beta- and gamma-
bands are essentially constant with respect to spectral location, shape and 
amplitude, to derive spectral shape from peak absorbance data. The derived 
equations are founded on the lognormal function recently published by other 
authors, assuming that all absorbance bands for a given pigment are described by 
the same modified lognormal function. The authors present relatively simple 
equations as well as equation parameter values that add the contributions of the 
several most prominent bands. The authors demonstrate impressive construction 
of complete visual pigment spectra, especially in the short wavelength realm 
where the most serious problems have arisen in past models, that improve 
significantly on the previously most successful approach. 
According to the authors, future investigations may provide slight refinement 
of experimental data and therefore minor improvements in equation parameters, 
but that much higher accuracies "can hardly be expected." Therefore, it is felt that 
the derived equations and parameter values will not be much improved through 
future work. 
Human Cone Polymorphism. Historical wisdom argues that normal human 
color vision is associated with three cone-residing visual pigments. The standard 
pigment model was described earlier under 'Color Vision' Section. It is important 
that the standard (historical) model assumes that spectral absorbance by the 
three pigments is the same for both eyes and between different people. 
Evidence is mounting that the standard model is incorrect. Humans with 
normal color vision have been shown to have different cone pigments. For 
example, upon being asked to proportion a mix of red and green lights to match a 
standard yellow light, differing patterns of subject responses have clearly revealed 
differences in pigments. Specifically, work from several laboratories has 
documented that subjects differing in middle wavelength pigments and/or long 
wavelength pigments report a range of red-green mixtures to match a yellow 
standard. 
This startling revelation, concerning a long-held view bordering on dogma, 
has other interesting features. For one, the results from males differ substantially 
from females, suggesting X-chromosome involvement. Secondly, comparative 
studies have suggested that amino acid differences in just three positions in the 
relevant X-chromosome opsins can account for spectral differences among the 
relevant middle and long wavelength pigments. The most likely site to explain the 
behavioral results was considered to be chromophore position 180 and to involve 
a serine-for-alanine amino acid substitution at that locus. 
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The authors of current interest, Neitz et al 1990 (2) and Neitz et al 1993 (3), 
confirmed and extended known behavioral data (2) and tested the position 180 
hypothesis (3). Specifically, in the latter study, the authors tested the hypothesis 
that spectral differences in either or both the middle wavelength or long 
wavelength pigments produced by serine-for-alanine substitutions at position 180 
could explain normal color vision differences. 
In earlier work, the Neitz group had demonstrated that Rayleigh matches 
made by males with normal color vision occur in isolated wavelength groups, and 
suggested that the observed results reflected an X-chromosome linked 
polymorphism in the spectral positioning (wavelength of peak absorbance) of cone 
pigments. Next, in the first of the current subject studies, using two color matching 
situations, the authors were able to confirm the earlier results, and extend them to 
rule out other possible non-polymorphism explanations. Finally, in the second of 
the current subject studies, Raleigh match results in 16 subjects were tied with 
specific nucleotides at the suspected site in the pigment genes that produce the 
subject color vision pigments. The correlation between site-specific gene 
nucleotide and color match results showed a high correlation (R2 = 0.90). 
Nucleotides at the selected gene position for each subject were revealed by using 
the polymerase chain reaction to amplify DNA samples isolated from peripheral 
leukocytes. 
Other data conducted by our subject group was cited to show a chain of logic 
concluding that a substitution of serine for alanine at position M (middle 
wavelength) or L (long wavelength) pigment position 180 produces a redward 
spectral shift of about 6 nm in either pigment. The polymorphism at this site could 
therefore result in two types of L pigments and two types of M pigments. Critically, 
the data of the second Neitz paper (3) presents a compelling argument that more 
than two spectrally different X-linked pigment genes are expressed in many 
people. 
The latter finding is revolutionary. The validity of the historical three pigment 
model for normal human color vision is apparently invalid, and a new model of 
color vision is requ ired. What will likely follow is a spurt of studies attempting to 
confirm and extend the present results, and the evolution of a new model for color 
vis ion in normal humans at the level of the visual receptors. 
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SYSTEM LEVEL 
Once external signals have been transduced, all post-receptor processing 
involves neural transmission and central processing. We have termed such broad, 
multi-level neural processing to be functioning at the 'System Level.' 
In the present Section, we discuss two lines of concepts and associated 
evidence at the system level that extend current knowledge. 
Color Contributions to Movement detection. The nervous system does not 
have the capacity to retain every detail of the outside and internal worlds on an 
ongoing basis. Therefore, the brain creates a continuous stream of dynamic 
models of external and internal reality, and acts on those models rather than in 
response to physical actuality. 
To accomplish vision, it is believed that the eye, retina and system level 
elements work together primarily to identify objects, object attributes, and relative 
motions, instead of, for example, developing a detailed mosaic of the entire 
scene. 
An object-oriented approach is certainly conservative in terms of required 
processing. Nevertheless, many fields of view are populated by a large number of 
objects, and the nervous system has a considerable challenge in identification 
and interpretation. Obviously, the inclusion of more object attributes would assist 
analysis, and would make sense up to some point of diminishing returns relative 
to constructive model embellishment. 
Color is one among many object features available to the system. In fact, 
color has some distinct advantages, including constancy with time and often clear 
delineation at object boundaries. 
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Nevertheless, the human visual system has seemed historically to keep 
separate the processing of dimensional and positional attributes used for motion 
detection from that of color processing. In fact, conventional wisdom has depicted 
the visual pathways as segregated into two distinct functional subsystems, the 
parvocellular and magnocellular, that were purported to deal with the processing 
of image color and motion, respectively. Independent parvocellular and 
magnocellular sub-populations have been identified in the retina, and the central 
projections of the two subsystems have appeared to remain segregated through 
several successive stages of visual system central processing. 
Data and interpretations from our subject group, Dobkins et al (4) and others 
dispute the traditional view. Recently, several types of study indicate that the 
processing of motion information by the primate visual system continues even 
when a moving object differs from its surroundings by color alone. Our subject 
authors extend the latter approach, employing an "apparent motion" experimental 
design to gather data suggesting in fact that there are two types of chromatic 
signals taking part in motion sense. 
The key experimental elements arising from work of our subject authors were 
conducted under conditions of isoluminance, so that object borders were poorly 
defined physically. Of course, this accentuates the importance of any color 
distinctions. Experiments were then completed under both small and large spatial 
displacements. For small displacements, motion was perceived in the direction of 
the most proximate color-defined object border even when the sign of color 
contrast at that border alternated over time. The interpretation is that, for small 
displacements, motion detectors seem to rely on data about color-defined borders 
while ignoring information about the specific color involved. In contrast, for large 
spatial displacements, motion was more likely to be perceived in the direction 
where data about the actual color was retained. 
Historically, isoluminant stimuli were employed in the belief that they 
selectively activated the parvocellular subsystem, and such motion was assumed 
to be undetectable by the magnocellular subsystem dedicated to motion detection. 
The significance of the Dobkins et. al work is to directly challenge this view by: a) 
providing new, strong evidence in support of parvocellular and magnocellular 
subsystem crosstalk; and b) providing important evidence for two forms of color 
input to motion detection. 
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Multi-Stage Color Model. As our last topic, we turn attention to an insightful 
new model of the visual system. The multi-stage color model of De Valois and De 
Valois 1993 (5) takes into account data of many types and at all levels of the 
visual system to develop a new hypothesis of system organization and 
processing. 
A key consideration was the evolution beginning in the 1 950s of the existence 
of spectrally opponent cells. Such cells are primarily characterized by increased 
firing to some wavelengths while exhibiting decreased firing to other wavelengths. 
Responses are generally explained by assuming that the central and peripheral 
receptive fields (the cells center and surround) have color response properties 
that differ in a specified way. Some double opponent cells are known as well, 
exhibiting opponancy for both color and space. An example is a unit that has both 
a center and surround to its receptive field, and both zones have sensitivity to 
different colors. 
Historically, widely accepted models of color vision were primarily one-stage 
models, emphasizing a particular type of experimental data. However, other data 
conflicted with the central data of each model, ongoing data did little to distinguish 
the models, and so little progress was fostered. In the late 1 950s, however, solid 
evidence appeared for spectrally opponent cells in the visual pathways. 
Subsequently, some version of a two-stage model with three cone types 
combined in a later opponent mechanism has been considered the standard 
model in color vision. 
Our subject authors were struck by the fact that there were still many lurking 
discrepancies between model predictions and the nature of neurophysiological 
and psychophysical data. Their response was to investigate more complicated 
three- or four-stage models, long shunned by those in vision research, in an 
attempt to bring experiment and theory into synchrony. Their thinking was guided 
by considerable data from the literature and from their own laboratory over many 
years, and by weaknesses of precedent contemporary two-stage models. 
The proposed multi-stage model (5) depicts at the first stage three cone types 
featuring three to five visual pigments (in accord with the polymorphism discussed 
previously (2,3). Long:Medium:Short cone types are considered to exist in the 
ratio of 10:5:1, in accord with reviewed experimental data. The second stage is 
characterized by retinal connectivity appropriate to produce three pairs of cone-
opponent and one pair of cone-nonopponent systems. Each pair involves some 
form of opposing input/output properties. The third stage of color processing 
involves S-opponent cells that are added to or subtracted from the L- and M-
opponent units to functionally extract separate red-green and yellow-blue color 
channels, and separate luminance from color. Finally, the fourth and final stage of 
the model is the appearance of units termed color-selective complex cells. 
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A main reason the authors derived color-selective complex cells is that, in 
fact, most cells past cortical visual area 17 in fact appear to be complex in nature. 
The authors thereby suggest that overt opponent color cells are no longer relevant 
to processing. Chromatic opponency at this stage is between rather than within 
cells. Finally, the authors defend their further suggestion that there are two non-
color systems, the traditional magno pathway, and the achromatic component of 
the information in the parvo pathway. Considerable detail of cell and response 
types are discussed and tested against neurophysiological and psychophysical 
data at each stage, and the model would appear to stand well against broad 
knowledge of the visual system. 
Another key element of the model is that the authors were able to assume 
random inter-stage and intra-stage neural connectivity. Virtually all prior models 
have used as initial conditions the assumption of specific types of inter-stage and 
intra-stage connectivity. Although much more research will be needed to 
ultimately answer the issue of random or specific interconnections, the generality 
of assuming random connectivity is probably highly significant, given the 
complexities of embryonic brain wiring requirements. 
The De Valois model is revolutionary. The central feature is the proposal of a 
third, cortical processing stage at which color and luminance can be logically 
separated. But the model also can accommodate any degree of receptor pigment 
polymorphism that may finally be characterized, accounts for a large body of data 
on seemingly disparate retinal, thalamic and cortical units, and even extends to 
explain a number of perplexing unit features at various cortical stages. 
Furthermore, it accounts for a broad sampling of psychphysical data, and unites 
all considerations in a common framework. 
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CONCLUSIONS 
Knowledge in any particular field tends to develop in spurts interspaced with 
extended periods of lower obvious activity. A part of the latter pattern is real and 
part is illusion. There is usually significant research activity occurring even during 
apparent quiet periods, but such work is less dramatic, being confirmatory or 
evolutionary in nature. Suddenly, when breakthroughs occur, massive attention is 
directed to the field, creating perhaps an illusion of more activity. But, in parallel, 
the increased attention also typically stimulates a real, at least short term increase 
in research . 
The field of color vision has been enduring a relatively quiet period for several 
decades, presenting an appearance of lower research breadth and being 
characterized by stable mechanistic models. However, beginning in the 1980s, 
several lines of thought have led, with continued elaboration, to bodies of 
evidence challenging the norm. Our goal here has been to review selected lines of 
inquiry that portend or directly propose changes in our thinking and constructs 
about color vision. 
The four research groups surveyed in the present treatment all provide 
leading contributions to mounting movements of thought. At the receptor level, we 
have described a new template for characterizing visual pigment absorbance that 
seems at or very near the endpoint of descriptive power. Also at the receptor 
stage, we have reviewed surprising yet compelling evidence undermining the 
traditional dogmatic trichromatic model of color reception. Turning to the system 
level, we have seen from one group a new understanding of the heretofore 
unrecognized involvement of color in motion detection. Also, from a second group 
working at the system level, we reviewed an ambitious multi-staged model of the 
visual system, including color, that creates a revolutionary framework to guide 
understanding and stimulate near term research. 
The described research does certainly not provide final answers, but does 
represent major steps on the road to improved understanding. 
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